The fan blade configuration affects its efficiency and sound pressure level-(SPL). This paper analyzes the fan blade noise components and studies the aerodynamic characteristics of fan blades. The bar theory and moving soundfield characteristics are used in the theoretical analysis. Nonlinear aerodynamics theory is used to analyze the blade force. A mathematical model of fan blade noise is developed and simulated by the precision Gauss-Legendre method. The model simulation and the experiment results are analyzed in the frequency domain. The simulation results are in reasonable agreement with the measured data. Our model and the Fukano model are compared for different rotational speeds of the fan. This paper then studies the change of SPL when the blade parameters (number of blades, rotation speed of fan, chord of fan, and blade profile etc.) vary. The major factors affecting the fan noise are analyzed. Our model is derived from the viewpoint of blade design, so the result can be used to study the aerodynamic characteristics of fan blades quantitatively. The study is considered as a prerequisite to designing fans of high quality, since it provides a theoretical basis for noise prediction and noise control.
to evaluate the effect of the moving solid boundaries and derived the Ffowcs Williams and Hawkings equation (FW-H equation) which was widely applied finally. From the 1960's, with the rapid development of aerodynamics, aeroacoustics, and computer technology, many studies of aerodynamic noise mechanisms and forecasting have been carried out [1] . Fukano et al [11, 12, 13] thought the discrete frequency noise was a major part of the noise of high pressure compressors. They built a model of turbulent noise generated by low pressure axial flow fans. They studied the effect of number of the blades, the chord length and the camber of blade based on the model. Lee et al [14] developed a theoretical method to predict the vortex shedding frequency and the noise from fan blades. These models were of the sound power radiated from the flow field. Using the models, Shen and Sorensen [15] optimized the trailing edge noise from mono-rotor axial fans. He thought the quantitative determination of the noise radiation was of less importance if it was possible to determine qualitatively the differences in noise level while the shape of the fan varied. Unified equations were formulated for conservation of masses, conservation of momentum separately and were coupled in pressure equilibrium Farassat and Brentner [16] and Jameson and Martinelli [17] . However the nonlinear coupling aerodynamic force of the blade was not considered in all these research works. This indicates that it is necessary to take into account the specific shape of fan blades, the precision quantitative analysis of the force acting on the blade and the factors causing the fan noise, in order to study the noise Qibai Huang [18] and Hemond [19] .
In our study, a theoretical method for making low-noise fans is combined with a study of aerodynamic characteristics. The bar theory and moving sound field characteristic are used in the simulation of the fan blade noise, and the nonlinear coupling aerodynamic force of the blade is analyzed. The model can be used as an analysis tool which, for given blade shape and operating conditions, predicts the fan noise. The analysis tool is then included in an algorithm of numerical design, which refers to some parameters, such as the number of blades, rotational speed of fan, chord of the fan, and blade profile etc. The results predicted by the present method are compared with Fukano's model simulation and measurements, and the results are satisfactory.
MODELING THE FAN BLADE NOISE 2.1. Fan Blade Geometry
Traditionally, fan blades have been designed by manipulating the shape of the passage between successive blades, and then by closing the shape at the leading edge along a leading-edge circle, ellipse, or other appropriate shape. The blade profile is determined according to a fan blade data table. Because the performance of the blade profile is critical, demands to improve performance require sophisticated methods of blade design. A mathematical approach to forming the blade profile shape is of advantage for improving the blade aerodynamic characteristics and the manufacturing method. Presently, the 3rd-order parametric splines are used to improve the shape of the blade profile. The splines take the form (1) An axial fan rotates with angular velocity Ω in the y 1 0y 2 plane. The ξ-coordinate system is fixed to the blade with its origin at the hub and ξ 3 axially perpendicular to the y 1 0y 2 plane. As described in Figure 1 , P(x 1 , θ, ϕ) is an observing point in a spherical coordinate system and A(rЈ, ϕЈ, ξ 3 ) is a sound source point in cylindrical coordinate system.
Because the shape and distribution of curvature of the suction and pressure surfaces of the blade are particularly important to the aerodynamic performance, the aerodynamic condition of the blade must be considered carefully. 
A point on blade surfaces in cylindrical coordinates (y 1 ,y 2 ,y 3 ) can be expressed as
Modeling of the Fan Blade Noise
To model the aerodynamic noise of the fan blades requires dividing the blades into a number of spanwise blade elements. The annulus between the hub and tip of the blade is divided into a number of streamtubes, each containing a blade element and the flow is assumed to be fully developed and parallel. Dealing with fan blades, it is customary to divide the force acting on the blade element into a thrust component f 0 T in x-direction and a drag component (a minus torque) f 0 D in y-direction, as shown in Figure 2 . These are related to the components f i (i=T,D) of f in the local coordinate system [1] . Based on the classical aerodynamics theory, the thrust component and the drag component in the local coordinate system xc 1 y can be written as
) and C D (β(t),ϑ .
) are the function of blade elements instantaneous camber angel β(t) and self-torsion angular velocity ϑ .
. At present, only the zero camber angle coefficients can be measured. Three sets of local coordinate systems x 0 c 2 y 0 , xc 1 y, xЈc 1 yЈ in Figure 2 need to be set up when C T (β(t),ϑ .
) and
) in other camber angles are researched. In the local coordinate system xc 1 y, α is the blade element initial camber angle, c 1 is the center of the blade element Coordinate system for fan blades.
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aerodynamic force, and c 2 is the center of the blade element self-torsion.  c 1 c 2  = R 0 . The airflow field of the moving blade element can be expressed as
where Ωr′ and u are the average airflow and the pulsatory airflow in x -direction respectively, ω is the pulsatory airflow in y-direction. u and ω can be considered as random process having some frequency spectrum characteristics [20] . x(z, t), y(z,t), (z, t) are the displacement of the blade element, z is the blade spreading direction, is the rotation angle of the blade element in self-torsion center. The instantaneous camber angle β(t) can be expressed as
When the instantaneous camber angle β(t) and the initial camber angle α are small, the Eq. (7) can be expressed as
When can be expanded with a Maclaurin series as The kinematical assumptions for the model are as follows: (1) The axial velocity varies continuously; (2) The tangential velocity is zero; (3) the radial velocity is zero. For each blade element, unified equations are formulated for the conservation of mass, conservation of axial momentum, and conversion of tangential momentum.
As long as the disturbances are not allowed to propagate over excessively large distances the effects of viscosity and heat conduction can be neglected and the airflow motion can be determined by solving Euler's equation. Because the solid boundaries play a direct role in the sound generation process, they are often responsible for producing large increases in the radiated sound. Thus, solid surface interactions are directly involved in the generation of sound by fan blades. According to Gutin's theory, the noise produced by the fan blades can be calculated. Suppose the quadrupole term, the noise generated by the volume displacement effects, can be neglected. Then, each element of surface area contributes a wave which is the same as that emitted by a moving dipole source of strength. Each element of surface area has its own retarded time τ * , which is obtained by solving equation (11) So when a moving object causes the airflow density to disturb the airflow field, the nth harmonic component of the fluctuated density is [1] : (12) where , the wave number of the nth harmonic of the rotational frequency Ω.
In order to gain some insight into the properties of the sound field predicted by this result, notice that the Bessel function J m (Z) (0 < Z < m) can be approximated by the first term in its series expansion (13) 
For
, where AR is the aspect ratio of the blades. Suppose that AR is large enough and that the number of blades is so small that the exponent can be expressed as 
Where
The fluctuating density in the airflow field can be expressed as (16) It is assumed that the fluid (the atmosphere) is homogeneous and it maintains itself in a state of local thermodynamic equilibrium. Any thermodynamic characteristics (temperature, pressure, volume) can be expressed as a function of any two other parameters. The pressure and density in an ideal gas are related to the absolute temperature, whenever the entropy is held constant. So the fluid satisfies the equality (17) Then, the fluctuating pressure in the airflow field can be expressed as (18) put into Eq. (1). The 3rd-order splines are used to approach the given fan blade data. Before the fan blade noise is calculated, the retarded time of different noise source must be considered. The retarded time of each source point is different because the distance between the observing point and any source point is different in each case. The sound pressure level produced by the fan blades is the summation of the fluctuating pressures of all source points in the fan blades surface. A calculation flowchart is shown in Figure 3 .
NOISE MODEL, TIME DOMAIN SOLUTION

APPLICATION OF THE FAN BLADE NOISE MODEL
A three-bladed fan is used in our study to stimulate the fluctuating pressure of the airflow field. The cross-section of the fan blades has the shape of an arc. The diameter of the fan is 1.4m. The chord length is about 0.13m at the blade tip and 0.17m at the blade hub (bottom). In this paper the same result is obtained, comparing to the N-S equation optimization [21] . The fan rotational speed is 1000 rev/min. The sound speed at normal temperature (20°C) is about 340m/s. The observing point in spherical coordinates is (3,π/4, π/4), as shown in Figure 1 . Eq. (18) can be used to estimate the fluctuation pressure for fan blades. Figure 4 shows the fluctuation pressure at the observing point in the frequency domain.
EXPERIMENT AND DISCUSSION
Equation (18) demonstrates that the fluctuating pressure is the function of a number of factors, such as number of blades, rotational speed of fan, and blade profile etc. The results will be verified by an experiment in this section. A good experiment to verify the model is the sound pressure level measured at the same point in the same condition.
Experimental Apparatus and Measurements
The experimental apparatus is schematically shown in Figure 5 . The test was done in the half anechoic chamber. A test fan was mounted below the ceiling of the laboratory. Its diameter was 1.4m. The temperature in the laboratory was about 20°C. The speed of sound at normal temperature is about 340m/s. An ND2 precision sound level meter (a microphone, amplifier, read-out, a set of frequency weighting networks), (a handheld type) was used to test the fluctuating pressure at the observation point. A computer and INV-DASP6.53 were used to analyze the fluctuating pressure in the frequency domain. An electric tachometer was used to test the rotational speed of fan. It was about 1050 rpm. The test position coincides with the observing point, as shown in Figure 1 . Figure 6 shows the sound pressure level at the test point in frequency domain. Observing point in frequency domain.
Based on the results of the experiment, the model of the fan blade noise is in reasonable agreement with the measured results as shown in Figure 4 and Figure 6 . In Figure 7 , our theory and the theory derived by Fukano are compared in the same condition and the results are satisfactory. In order to analyze the factors of the fan blade noise, a computation was carried out for the sound pressure level for different numbers of blades, rotation speed of fan, chord of fan, and blade profile etc., as shown in Figure 8 .
Discussion
Comparing the time history of the fluctuating pressure shows that the fluctuating pressure is a little higher by measurement than by simulation. These figures also give the spectrum obtained from FFT analyzes of the fluctuating pressure signal at the observing point. The discrete frequencies in Figure 4 and reasonable agreement with each other. There are two factors that make the measured results and calculated results different. One is that the Bessel function and the area integral are approximated during the course of solving the noise model. The high frequency component in the overall noise decreases while the low frequency one increases. The characteristic can be viewed in the frequency domain. The other reason is that the measurement of the observing point includes the forces acting on the body and on other boundaries. In the frequency domain, the energy of the basic frequency is larger than that of the harmonic frequency (in our work, the 9th harmonic of sound pressure was calculated). Figure 6 shows there are other basic frequencies besides the rotation frequency. The basic frequency is 51 Hz. Assuming that the sound wave spreads in the airflow field, the fluctuating pressure at the observing point changes in the time domain and has its own cycle.
With the same number of blades, rotational speed of fan, chord of fan, and blade profile etc. the model made by Fukano is used to calculate the fan noise, as shown in Figure 7 . The fan noise calculated by Fukano is higher than the simulation result. The major reason is that the Fukano model is calculated in the pipe space while the model in this paper is calculated in free field, and our theory refers to more parameters of blade shape. At the same time, the influence of nonlinear coupling aerodynamic force increases when the rotational speed of fan increases causing the obvious change of SPL, as shown in Figure 7 . The measured result verified that our model is feasible.
It is well known that the shape of the fan blade affects its aerodynamic characteristics, and the shape of the fan blade affects its noise. The shape parameters affecting the fan noise are analyzed in detail. The analysis shows that the fan blade noise increases if the number of blades increases, or the chord of fan is enlarged. The fan blade noise varies if the blade profile changes. For example, the circulararc-blade has lower noise than the flat-plate-blade. All these results are shown in Figure 8 .
In this paper, the fan noise model is an explicit function of the fan blade geometrical parameters. The model analyzes the effective factors directly. The key factors are number of blades, chord, section parameters, rpm etc. Every factor changes the SPL of the fan differently. Figure 8 shows the results. The coordinates of source point and observing point both affect the sound pressure level. Besides noise, other factors, such as efficiency, energy etc. should also be considered. High quality design will not be achieved until all these factors are taken into account.
CONCLUSION
Many factors have influence on designing high quality fans. Some factors are relative to fan noise. The fan noise will be controlled reasonably from the model, especially from the mechanism of fan blade shape. The optimization theory is used in the design of high quality fans too. But every property of the fan has different weighting factors in the design and in the development stages. In our study, the relations of fan blade shape and its characteristics are studied in detail. Thinking about fan blades shape, using the bar theory, nonlinear coupling aerodynamic of the blade element and moving sound source property, the fan blades noise model is generated. Then, using the model, the sound pressure level is analyzed for different parameters of the fan. The fan blade shape parameters, such as the number of blades, rotational speed of fan, chord of fan, and blade profile etc. affect the SPL. The simulation results are in reasonable agreement with the measured data. The results provide a theory of low noise fan design and noise prediction.
